Zircon U-Pb dating of the Tonaru metagabbro body in the Sanbagawa metamorphic belt, southwest Japan, suggests that igneous events at ca 200-180 Ma were involved in the protolith formation. The trace element compositions of the Tonaru zircons are enriched in U (a fluid-mobile element) and Sc (an amphibole-buffered element), and depleted in Nb (a fluid-immobile element), suggesting that the parental magmas related to the Tonaru metagabbros formed in an arc setting. Integration of our results with previous studies of the metasedimentary rocks in the Tonaru body clearly indicates that the protoliths of the Tonaru body were produced by oceanic-arc magmatism. With the previous geochronological and geological studies, the tectonomagmatic-metamorphic history of the Tonaru and other mafic bodies in the Sanbagawa metamorphic belt may be summarized as follows: (i) the protolith formation by the oceanic-arc magmatic event had occurred at 200-180 Ma; (ii) the protoliths were accreted in the trench at ca 130-120 Ma; and (iii) they were completely subducted into the depth of the eclogite-facies condition after 120 Ma. K E Y W O R D S oceanic arc, Sanbagawa metamorphic belt, Tonaru, trace element, zircon U-Pb dating
| INTRODUCTION
The formation of high-pressure and low-temperature (HP) metamorphic belts is related to plate subduction in arc-trench systems (e.g. Matsuda & Uyeda, 1971; Uyeda & Miyashiro, 1974) .
Thus, identifying the origin of igneous protoliths within such belts leads to a greater understanding of the spatial and temporal evolution of arc-trench systems. The Sanbagawa metamorphic belt in southwest Japan (Figure 1a ) is one of the best studied HP metamorphic belts in the world. In this belt, eclogite-facies rocks (metagabbros, metabasalts and metasedimentary rocks) are exposed in the Besshi, Asemi-gawa and Kotsu areas of Shikoku Island, and the Funaoka-yama area of western Kii Peninsula (e.g. Aoki et al., 2009; Aoya, 2001; Endo, Nowak, & Wallis, 2013; Kabir & Takasu, 2016; Matsumoto et al., 2003; Taguchi, Enami, & Kouketsu, 2019) . As the presence of eclogite-facies rocks indicates that supra-crustal rocks are subducted to depths greater than 40 km, many studies have been conducted on the metamorphic and deformation processes of the eclogites in those areas to decipher the tectono-metamorphic history from subduction to exhumation (e.g. Aoki et al., 2009; Aoya, 2001 ; Aoya, Uehara, Banno & Sakai, 1989; Endo et al., 2013; Endo, Wallis, Tsuboi, Aoya, & Uehara, 2012; Hara et al., 1992; Takasu, Wallis, Banno, & Dallmeyer, 1994; Terabayashi et al., 2005; Wallis et al., 2009; Yamamoto, Okamoto, Kaneko, & Terabayashi, 2004) . However, the origin of the eclogite-facies rocks, particularly the origin of the metagabbros, has not yet been well established. In the Besshi area, Takasu (1989) , Kugimiya and Takasu (2002) , and Aoya, Tsuboi, and Wallis (2006) hypothesized that the metagabbroic rocks were derived from reef-capped oceanic seamounts based on their geological occurrence and association with metacarbonate rocks, but they did not identify the detailed tectonic setting such as oceanic arc, mid-ocean ridge or oceanic island. Ota, Terabayashi, and Katayama (2004) and Terabayashi et al. (2005) suggested that the primary site of the rocks constituting the Iratsu body in the Besshi area was an oceanic island or an oceanic plateau crust, based on the garnet-granulite relics. Aoya et al. (2006) showed that the metagabbros of the Seba body in the area have geochemical affinities to the hanging-wall materials, based on the Cr vs Sr discrimination diagram. Utsunomiya, Jahn, Okamoto, Ota, and Shijoe (2011) argued that the metagabbros of the Iratsu body were formed in an oceanic island arc setting, based on the whole-rock trace element abundances and ε Nd (t)-I Sr discrimination diagrams.
In situ analysis of zircon is a useful method to elucidate the origin of the parental magmas from which this mineral crystallized because zircon is generally resistant to later chemical and mineralogical alteration. The trace elements of zircons could vary depending on the parent melt/fluid compositions, which are controlled by some physicochemical processes such as crystallization, differentiation and dehydration. Thus, the compositions of zircons separated from the meta-igneous rocks could be proxies for the tectonic settings in which their protoliths were formed, that is, arc, mid-ocean ridge or oceanic island (e.g. Grimes et al., 2007; Grimes, Wooden, Cheadle, & John, 2015; Yang et al., 2012) . Moreover, zircon is one of the most geochronologically meaningful minerals for U-Pb dating because it contains abundant uranium (from 10 ppm to 1 wt%) into its crystal lattice.
Therefore, U-Pb dating of zircons in meta-igneous rocks can constrain the timings of protolith formation.
In this study, we focused on the Tonaru body of the Besshi area in the Sanbagawa metamorphic belt, Shikoku. This body is mainly composed of metagabbros, which are similar to the metagabbros of the Iratsu body located to the east (Figure 1b ,c) (e.g. Aoya et al., 2013; Banno, Yokoyama, Iwata, & Terashima, 1976; Kugimiya & Takasu, 2002) . Thus, reconstruction of the tectonic history of the Tonaru body is expected to offer the key to understanding the history of the Sanbagawa eclogitic rocks. We report zircon U-Pb ages and trace elements characteristics of the Tonaru metagabbros, and discuss the tectonic history of the Sanbagawa eclogitic rocks from protolith formation to subduction.
F I G U R E 1 (a) Simplified geological map of Shikoku, Japan. Inset: Distribution of the Sanbagawa metamorphic belt in Japan. (b) Mineral zones of the Besshi and Asemi-gawa area. They are defined by the present mineral parageneses of pelitic schists; the chlorite, garnet, albite-biotite and oligoclase-biotite zones in ascending order of metamorphic grade (modified from Higashino, 1990; Aoya et al., 2013; Aoya, Mizukami, & Endo, 2017) . (c) Geological map and sample locality of the Tonaru body (modified from Aoya et al., 2013) 2 | GEOLOGICAL OUTLINE
The Sanbagawa metamorphic belt extends over 800 km roughly in an E-W direction from the Kanto Mountains to the Kyushu Island in central to southwest Japan (Figure 1a ). The northern end of the belt is defined by the Median Tectonic Line that is the longest fault system in the SW Japan. On the southern part of the belt, the Mikabu greenstones, which are composed of mafic volcanic rocks and mafic-orultramafic plutonic rocks, are exposed. The Sanbagawa metamorphic belt, which is tectonically overlain by Jurassic accretionary complexes (Chichibu composite belts) and underlain by a Cretaceous accretionary complex (Northern Shimanto belt), has the form of a subhorizontal, several km-thick tectonic slab (e.g. Aoki, Iizuka, Hirata, Maruyama, & Terabayashi, 2007; Isozaki & Itaya, 1990; Kawato, Isozaki, & Itaya, 1991; Sasaki & Isozaki, 1992 Aoya et al., 2013; Enami, Mizukami, & Yokoyama, 2004; Miyagi & Takasu, 2005; Ota et al., 2004; Takasu, 1984 Takasu, , 1989 . U-Pb dating of igneous and metamorphic zircons from these bodies has been performed to constrain the age of their protolith formation and metamorphism (e.g. Aoki, Aoki, Tsuchiya, & Kato, 2019; Arakawa, Okamoto, Yi, Terabayashi, & Tsutsumi, 2013; Nagata, Yokogawa, Kouchi, Otoh, & Yamamoto, 2015; Okamoto et al., 2004) . Based on these studies, the protolith of the Seba body began to be subducted at ca 100-90 Ma . On the other hand, the protoliths of the Iratsu and Tonaru bodies were estimated to have begun to be subducted at ca 120 Ma (Aoki, Seo, et al., 2019; Arakawa et al., 2013; Nagata et al., 2015; Okamoto et al., 2004) . These results suggest that the eclogite-facies rocks in the Sanbagawa metamorphic belt need to be subdivided into two different eclogite units with different subduction and metamorphic ages Aoki, Seo, et al., 2019) .
The Tonaru body, which is located in the western part of the Besshi area, extends for 300-800 m in the north-south direction and 6 km in the east-west direction (Figure 1c ). This body is composed mainly of garnet-epidote amphibolite (metagabbro) and diopside hornblendite (e.g. Kunugiza, Takasu, & Banno, 1986; Moriyama, 1990 : Aoya et al., 2013 . Marbles and pelitic schists are also recognized as lenticular sheets in this body, which have thicknesses of 1-3 m (e.g. Miyagi & Takasu, 2005; Takasu & Makino, 1980; Terabayashi et al., 2005; Wada, Enami, & Yanagi, 1984) .
In the Tonaru body, three distinct metamorphic events are recognized based on the petrology of the metagabbroic and hornblendite rocks; that is, an early stage high-grade amphibolite-granulite facies metamorphism, a stage of prograde metamorphism associated with subduction, and a retrograde stage metamorphism associated with exhumation (e.g. Kugimiya & Takasu, 2002; Miyagi & Takasu, 2005; Moriyama, 1990) . Some metamafic rocks of the body contain pargasite-taramite inclusions within the inner domains of garnets bearing omphacite in the outer domains, suggesting that the body have been subjected to high-grade amphibolite-granulite facies metamorphism prior to the prograde stage metamorphism (Miyagi & Takasu, 2005) . The early-stage amphibolite-granulite facies metamorphism has been also reported from the Iratsu body (Endo et al., , 2012 Ota et al., 2004; Terabayashi et al., 2005; Yokoyama, 1976 Yokoyama, , 1980 . Ota et al. (2004) , Terabayashi et al. (2005) and Utsunomiya et al. (2011) pointed out that the early metamorphism may have been caused by crustal thickening associated with the formation of oceanic crust prior to subductions. On the other hand, Endo et al. (2012) and estimated that the early-stage metamorphism was caused by hot-slab subduction. With regards to the prograde stage metamorphism, the metamorphic grade varies from epidoteblueschist facies (T = 300-450 C and P = 0.7-1.1 GPa) to eclogite facies (T = 700-730 C and P ≥ 1.5 GPa) (e.g. Kugimiya & Takasu, 2002; Miyagi & Takasu, 2005) . The existence of symplectite of albite and hornblende or barroisite replacing omphacite in metamafic rocks indicates that the body was retrograded into the epidote-amphibolite facies during exhumation (Aoya et al., 2013; Miyagi & Takasu, 2005; Moriyama, 1990; Ota et al., 2004) . Table 1 .
| SAMPLE DESCRIPTION

| Constituent minerals
As mentioned above, although there is no evidence for the eclogite-facies metamorphism in the studied samples, the omphacitegarnet assemblage indicative of the eclogite-facies metamorphism has been reported from the eastern part of the Tonaru body (Aoya et al., 2013; Miyagi & Takasu, 2005; Moriyama, 1990) . Additionally, symplectite replacing omphacite can be seen in the western part close to the sampling site of this study (Aoya et al., 2013; Miyagi & Takasu, 2005; Moriyama, 1990) . This substantial evidence clearly shows that the Tonaru body was subjected to the eclogite-facies metamorphism as a whole at the peak metamorphic stage. Thus, we are confident that the assemblage seen in the studied samples was formed at the 
| Internal structures of zircons
| Trace element analysis
In situ zircon trace element analysis of core domains with oscillatory zoning were carried out using an Agilent 8800 single-collector triple The analytical precision and accuracy were evaluated by the method in Sawada et al. (2019) . More detailed procedures of this analysis are given in Appendix S3.
| RESULTS
The zircon U-Pb analyses provided 22 concordant ages from 20 zircon grains (Table 2) . Owing to the low U and Pb contents (see Section 3.2 above), only one concordant age could be obtained from the rim domain of grain no. 59 ( Figure 3 and Table 2 ). The Th/U ratios of all analyzed spots range from 0.3 to 0.8, regardless of the domains. Figure 4 shows the Wetherill concordia curve and the 206 Pb/ 238 U age histogram using Isoplot v.4.15 software (Ludwig, 2003, and its update (Figure 4b ).
The concentrations of trace elements and chondrite-normalized (CN) REE patterns obtained from the zircons are shown in Table 3 and The analyzed core domains of the zircons show oscillatory zoning patterns in the CL images ( Figure 3) and Th/U ratios higher than 0.1 (Table 2 ), suggesting a magmatic origin (e.g. Corfu, Hanchar, Hoskin, & Kinny, 2003; Rubatto, 2002; Williams, Buick, & Cartwright, 1996) . In addition, their Nb contents are commonly lower than 10 ppm (Table 3) core domain, suggesting that the rim domain was formed by a process different from that of the core domain. The light luminescent texture and the discontinuous growth from core domain are similar to those of metamorphic zircon (e.g. Aoki et al., 2009; Aoki, Seo, et al., 2019) .
The Th/U ratio of the rim domain is higher than 0.1, which is generally regarded as having an igneous origin. However, it has been reported that metamorphic zircons formed under granulite-facies conditions have relatively high in Th/U ratios of over 0.1, due to no co-existing high-Th phase or fluid during recrystallization of the zircon (e.g. Kinny, 1986; Santosh, Wan, Liu, Dong, & Li, 2009; Wan et al., 2011) . As mentioned above, the Tonaru metagabbros underwent high-grade amphibolite-granulite facies metamorphism prior to the eclogite facies metamorphism (e.g. Miyagi & Takasu, 2005; Yokoyama, 1976 Yokoyama, , 1980 Figure 6a ,b, respectively. For zircon-based proxies, these diagrams can be used to discriminate the tectonomagmatic setting of the parental magma, because these ratios in zircons crystallized from magmas are sensitive to igneous provenance (Grimes et al., 2007) . The U/Yb ratios of the analyzed zircons tend to be plotted on the domains of 'Continental zircon' which represents zircons crystallized from continental-arc magmatism (Grimes et al., 2007) . The continental-and some oceanic-arc magmas are generally enriched in U relative to HREE such as Yb because dehydration or melting of subducted materials fractionate U preferentially into the magmas (e.g. Grimes et al., 2007; Kelemen, Hanghoj, & Greene, 2003) . (Grimes et al., 2015) . Thus, only the U-Yb-Y-Hf proxy of zircon is not able to distinguish between zircons from arc magmas and those from OI ones.
Melts in arc settings are generally depleted in high-field-strength elements (HFSE; e.g. Nb and Ti) compared to MOR and OI magmas, because HFSE are hard to transfer from subducting slabs to slabderived fluids/melts (e.g. Kimura, 2013; J. A. Pearce, Stern, Bloomer, & Fryer, 2005; Tatsumi & Takahashi, 2006) . Moreover, arc magmas are enriched in Sc relative to MOR and OI magmas, possibly due to sustained presence of Sc-rich phases such as amphibole mineral during magmatic differentiation (Grimes et al., 2015) . Therefore, applying U/Yb-Nb/Yb and Sc/Yb-Nb/Yb diagrams to zircon can be useful for determining the tectono-magmatic province; 'Continental Arc', 'MOR' or 'OI' (Grimes et al., 2015) . However, the chemical compositions of zircons crystallized from immature-to-mature arc magma including oceanic-arc magma are also plotted on the 'Continental Arc' field (Grimes et al., 2015) . Hence, 'Continental Arc' is described as 'Continental/Oceanic Arc' in this study (Figure 6c,d Field observation and geochemical data indicates that the protoliths of pelitic schist and marble in the Tonaru body were originally deposited in an oceanic environment (e.g. Miyagi & Takasu, 2005; Takasu & Makino, 1980; Wada et al., 1984) . All these observations lead us to the conclusion that the protolith of the Tonaru metagabbro originally formed at an oceanic-arc environment (Figure 7a ).
The protolith of marble could have been formed on a topographic high of the oceanic arc above the Carbonate Compensation Depth (CCD).
The Iratsu body is situated at the same stratigraphic level as the Tonaru body, and is composed mainly of metamafic rocks with subordinate amounts of metaclastic rocks and marbles (e.g. Aoya et al., 2013; Endo, 2010 Takahashi et al., 2015; Takahashi, Kodaira, Tatsumi, Kaneda, & Suyehiro, 2008) . In such areas where oceanic arc crust are relatively thick over 20 km, basaltic magma in the oceanic arc tends to be produced, because melting pressure of the oceanic crust could be controlled by the thickness of the crust (e.g. Tamura, Sato, Fujiwara, Kodaira, & Nichols, 2016) . It is congruent with the observation that the Tonaru and Iratsu bodies are composed of mainly metamafic rocks with basaltic composition (e.g. Utsunomiya et al., 2011) . In the quartz-bearing eclogite in the Iratsu body, the igneous and metamorphic zircon U-Pb dating yielded ca 1900-130 Ma and ca 120-110 Ma, respectively (Arakawa et al., 2013; Okamoto et al., 2004) . Those ages suggest that the Iratsu body was subducted in an ancient trench after 130 Ma. Although we could not directly determine the subduction-related metamorphic age from the Tonaru metagabbro, the metamorphic zircon U-Pb age of 118 Ma has been reported from the Tonaru metagabbros by Nagata et al. (2015) . Considering the similar lithology between the Tonaru and Iratsu bodies, and its significantly younger age than the high-grade amphibolitegranulite facies metamorphic age, it is highly likely that the age of 118 Ma from the Tonaru metagabbro represents the timing of the subduction-related metamorphism involved in the Tonaru body. On these grounds, we have come to the conclusion that the oceanic arc including the Tonaru and Iratsu bodies began to be subducted in the trench at 130-120 Ma, and underwent the eclogite-facies metamorphism at 120-110 Ma (Figure 7b ). Grimes et al. (2007) . Those of 'Continental/Oceanic Arc-type', 'MOR-type' and 'OI-type' in (c) and (d) are according to Grimes et al. (2015) 7 | CONCLUSIONS 
| Tectonic history
